We aimed to examine the effect of weight change attributable to cessation of cigarette smoking on newly diagnosed metabolic syndrome (MetS). We prospectively followed 5,809 men aged between 40 to 69 years without MetS at baseline in the Health Examinees-Gem (HEXA-G) study up to 4 years. The participants were grouped into continual smokers, quitters with weight gain, quitters without weight change, quitters with weight loss, and never smokers. We constructed multivariable logistic regression models adjusted for sociodemographic factors, health status, and health conditions to estimate the 
Results
primary analysis. Among the 5,809 participants of the HEXA-G study included in our analysis, there were 1,325 (22.8%) continual smokers, 576 (9.9%) quitters with weight gain, 1,522 (26.2%), 697 (12.0%) quitters without weight change, and 1,689 (29.1%) never smokers. Of these study population, 609 participants were newly diagnosed with MetS during the follow-up period that lasted up to 4 years. Continual smokers had the highest proportion of 40-49 age group compared to quitters and never smokers. Sociodemographic, health status, and clinical characteristics of the study participants by change in smoking behavior are presented in Table 1 .
In the multivariable logistic regression analyses, weight gain following smoking cessation was associated with higher odds of elevated WC (OR = 2.94; 95% CI: 2.17-3.99) and high BP (OR = 1.72; 95% CI: 1.31-2.26). No weight change after smoking cessation was associated with lower odds of high TG (OR = 0.65; 95% CI: 0.54-0.78) and reduced HDL-C (OR = 0.53; 95% CI: 0.38-0.74). Post-cessation weight loss was associated with lower odds of elevated WC (OR = 0.34; 95% CI: 0.20-0.58), high TG (OR = 0.35; 95% CI: 0.27-0.46), and reduced HDL-C (OR = 0.56; 95% CI: 0.37-0.85). As compared with continual smokers, never smokers had lower odds of high TG (OR = 0.41; 95% CI: 0.34-0.50), reduced HDL-C (OR = 0.59; 95% CI: 0.43-0.81), and impaired FSG (OR = 0.66; 95% CI: 0.50-0.87). The association between change in smoking behavior, weight change, and newly diagnosed components of MetS are summarized in Table 2 .
In the analysis of the association of change in smoking behavior and weight change with newly diagnosed MetS, weight gain following smoking cessation was associated with higher odds of MetS (OR = 1.90; 95% CI: 1.43-2.52). In contrast, no weight change (OR = 0.77; 95% CI: 0.60-1.00) and weight loss (OR = 0.40; 95% CI: 0.28-0.57) after smoking cessation was associated with lower odds of MetS. The main analysis of the association between change in smoking behavior, weight change, and newly diagnosed MetS is shown in Table 3 . Although statistical significance was attenuated, investigation on subgroup effect, excluding those with family history, stratification by the number of components of MetS at baseline generated similar results compared to the main analysis on the association between change in smoking behavior, weight change, and newly diagnosed MetS. The results of the sensitivity analyses are summarized in Supplemental Table 1. secondary analysis. In secondary analyses restricting the study sample to quitters, the percentage of newly diagnosed MetS was the highest among those with weight gain (21.4%). As compared with quitters without weight change, the multivariable adjusted ORs and 95% CIs for newly diagnosed MetS among quitters with weight gain and quitters with weight loss were 2.44 (95% CI: 1.84-3.25) and 0.52 (95% CI: 0.37-0.73), respectively. The results of the secondary analysis is presented in Table 4 .
Discussion
In this community-based cohort study comprised of 5,809 middle-aged Korean men without MetS at baseline, 10.5% of the participants were newly diagnosed with MetS during the follow-up period. Weight gain following smoking cessation was significantly associated with elevated WC and impaired FSG, but no weight change and weight loss after smoking cessation were associated with improved TG and HDL-C. Among quitters, those with weight gain of more than 2 kg were more likely to develop metabolic syndrome compared to those with weight gain or loss of less than 2 kg.
One prospective study by Kim et al. comprised of 4,542 Korean men based on records from a single hospital found that ex-smokers had increased risk of MetS despite weight change compared to non-smokers 19 . In contrast, our study showed that only those with weight gain had higher odds of newly diagnosed MetS among quitters as compared to continual smokers. Additionally, we found that quitters with weight gain had higher odds of elevated WC and impaired FSG while quitters without weight gain had improved levels of TG and HDL-C. While both studies suggest the importance of post-cessation weight management to reduce risk of MetS, our study adds to the evidence for an association of specific components of MetS with smoking cessation by the degree of weight change.
The mechanism by which smoking cessation could reduce MetS despite weight change is not fully understood, but can be explain in part by improvement of lipid profile. Negative health effects of post-cessation weight change may be mitigated by improvements of lipid profile regardless of weight change attributable to quitting smoking. In a follow-up study of 1,955 Japanese male workers, Tamura et al., showed that those who had quit smoking for at least half a year had 2.0 kg of weight gain and worsening effects of BP, FSG, and total cholesterol, but they significantly improved levels of HDL-cholesterol 20 . Similarly, in another study of 226 Korean men who had quit smoking, quitters with weight gain (≥1.3 kg) had significantly harmful changes of BP, FSG, and cholesterol levels whereas quitters without weight gain (<1.3 kg) had improved levels of cardiometabolic factors 21 . These studies might have selection bias and small sample size. However, the evidence from these studies suggest that successfully abstaining from cigarette smoking may positively affect MetS as the change of post-cessation weight wanes over time 22 .
The primary strength of this study is the large sample size from the community-based cohort with verified health examination data through quality control. Moreover, the prospective cohort study design in this study limits the possibility of reverse causality as compared to the studies with cross-sectional design. Assessment of a wide range of known confounding factors associated with the study outcome also strengthens our study. In addition, evaluation of the association between smoking cessation, weight change, and MetS in quitters compared to continual smokers and a secondary analysis among quitters by the degree of weight change further strengthens our investigation. However, there are some limitations of this study that need to be acknowledged. We were not able to include women in this study due to a significantly low proportion of the middle-aged women who are smokers. Since the analytic sample was limited to the middle-aged Korean men who participated in the HEXA-G study, more studies are warranted in young adults, women, and other ethnic groups to test the generalizability of this study. Furthermore, change in smoking behavior was only assessed from the self-reported survey without biochemical assessment. In addition, variables used in our analyses that were derived from the self-reported survey (e.g. smoking status and family history of disease) should be validated in further studies.
In this community-based cohort study comprised of middle-aged men, we found that weight gain after smoking cessation was associated with higher odds of elevated WC and impaired FSG as compared with continual smoking. Quitters who gained substantial amount of weight after abstinence from smoking were more likely to develop MetS compared to the quitters without weight change. Overall, our results indicate the importance of weight control after smoking cessation to reduce the burden of MetS. Accordingly, intervention programs for weight management in clinical practice may be necessary for those who attempt to quit smoking. www.nature.com/scientificreports www.nature.com/scientificreports/ Methods study population. We examined data on the participants of the Health Examinees-Gem (HEXA-G) study conducted in the Republic of Korea. The HEXA-G is a community-based multicenter study database comprised of Korean adults aged between 40 and 69 years who visited study centers for health examinations between 2004 and 2013. The HEXA-G study excluded the dataset from the sites that only participated in the pilot study, less than 2 years of follow-up, or did not pass quality control for biospecimen. The HEXA-G study has been used for research purpose previously [23] [24] [25] [26] , and the design and validity of the study has been described in detail elsewhere 27, 28 . For this study, we recruited the male participants with complete information on smoking status without MetS who were followed up to 4 years from the baseline. Female participants were not included due to the low proportion of those who reported themselves as current smokers at baseline (less than 5%). Among the 6,138 participants without MetS at baseline, we excluded those that met the following conditions: (1) missing data on smoking status (n = 36); (2) missing information on potential confounders (n = 184); (3) extremely low or high energy intake (<800 or ≥4,000 kcal/day) (n = 185). Finally, a total of 5,809 men were included in the analytic sample.
ethical approval and informed consent. All participants provided informed consent before enrollment to the HEXA-G study, and the dataset are publicly open only for research purpose upon request. The Institutional Review Board (IRB) of the Seoul National University Hospital, which complies with the principles of the Declaration of Helsinki, approved this study (IRB no: 1503-103-657). www.nature.com/scientificreports www.nature.com/scientificreports/ Assessment of change in smoking behavior and weight change. Based on the self-reported questionnaire and weight change from the baseline and follow-up health examination records of the HEXA-G study, we categorized the study participants as continual smokers, quitters with weight gain, quitters without weight change, quitters with weight loss, and never smokers. Post-cessation weight change category (stable, gain or loss of ≤2 kg; gain, gain of >2 kg, and loss, loss of <2 kg) was based on the previously reported average weight change attributable to smoking cessation in the middle-aged Korean men 21 .
Continual Smokers
Assessment of metabolic syndrome. We adopted criteria from the National Cholesterol Education Program Adult Treatment Panel III (NCEP-ATP III) 29 modified for the Asian population for the assessment of MetS in the HEXA-G study. For each participant, meeting three or more of the following conditions was defined as the MetS: (1) elevated waist circumference (WC) ≥ 90 cm; (2) high triglyceride (TG), ≥150 mg/dL or taking antihyperlipidemic drugs; (3) reduced high-density lipoprotein cholesterol (HDL-C), ≤40 mg/dL; (4) high blood pressure (BP), systolic BP ≥ 130 mmHg, diastolic BP ≥ 85 mmHg or taking antihypertensive medication; and (5) impaired fasting serum glucose (FSG), ≥100 mg/dL or taking antihyperglycemic agents.
Assessment of potential confounders. In the HEXA-G study, information on sociodemographic factors (age, education level, and household income) was obtained from the self-reported survey. Age was categorized as 40-49 years, 50-59 years, and ≥60 years. Education level was grouped into elementary, middle/high school, college or above based on the final academic degree. Household income was divided into quartiles. We also assessed lifestyle factors (physical activity, alcohol consumption, and energy intake) from the survey data. Alcohol consumption was classified into non-drinker, abstainer (those who reported to have gradually reduce amount of alcohol consumption over time), and regular drinker (those who reported to regularly consume at least one alcoholic beverage per week). Regular exercise was defined as those who reported to routinely exercise until sweating on regular basis. Total energy intake per day (kcal/day) was estimated from converting the types and amount of servings consumed per day into macro and micro nutrient intake (grams per day) from different food categories in the food frequency questionnaire. BMI was calculated from dividing weight in kilograms (kg) Table 4 . Association between weight change after smoking cessation and newly diagnosed metabolic syndrome among quitters. Data presented above as adjusted OR (95% CI) using multivariable logistic regression model adjusted for age, education level, household income, time since cessation of smoking, number of components of metabolic syndrome at baseline, physical activity, alcohol consumption, energy intake, body mass index, uric acid, high sensitivity C-reactive protein, family history of hypertension, family history of type 2 diabetes, and family history of hyperlipidemia.
a Quitters with weight gain or loss of 2 kg. b Quitters with weight gain of 2 kg (>+2 kg).
C Quitters with weight loss of 2 kg (<−2 kg). *p < 0.05, **p < 0.01, ***p < 0.001.
www.nature.com/scientificreports www.nature.com/scientificreports/ by height in meters (m) squared (kg/m 2 ). Data on uric acid and high sensitivity C-reactive protein were derived from the laboratory assessment, and information on family history of disease (hypertension, type2 diabetes, and hyperlipidemia) was obtained from the responses of the self-reported questionnaire. statistical analysis. For the primary analysis, we chose continual smokers as the reference group as recommended by the U.S Surgeon General's report in 1990 30 to assess the effect of smoking cessation on MetS. We used multivariable logistic regression models to compute adjusted odds ratio (OR) and 95% confidence intervals (95% CI) to assess the association between smoking cessation, weight change, and components of MetS. We calculated age-adjusted and multivariable adjusted (adjusted for age, education level, household income, physical activity, alcohol consumption, energy intake, and BMI) ORs and 95% CIs for elevated WC, high TG, reduced HDL-C, high BP, and impaired FSG. BMI was not adjusted when computing the adjusted OR (95% CI) for elevated WC due to the high collinearity between the two variables. In addition to the variables included in the multivariable model, weight change was further adjusted as a continuous variable to examine the effect of weight change attributable to smoking cessation. For the component of MetS, participants who had already developed the metabolic alternation at the baseline were removed from the analytic sample. Similarly, we used multivariable logistic regression model adjusted for age, education level, household income, number of components of metabolic syndrome at baseline, physical activity, alcohol consumption, energy intake, body mass index, uric acid, high sensitivity C-reactive protein, family history of hypertension, family history of type 2 diabetes, and family history of hyperlipidemia to assess the relationship between smoking cessation and odds of newly diagnosed MetS. To further test whether weight change from smoking cessation alters this association, we adjusted weight change as a continuous variable in the multivariable model. For sensitivity analyses, we assessed subgroup effects by stratifying the analysis into different categories of age, education level, household income, BMI, and number of MetS components at baseline. Also, we excluded those with family history of type 2 diabetes, hypertension, and hyperlipidemia to examine whether the results remained consistent after exclusion of those with family history of disease related to MetS. In secondary analysis, we examined the association of weight change following smoking cessation only among quitters. For this analysis, we chose quitters with stable weight change (gain or loss of ≤2 kg) as the reference group, and compared the odds of newly diagnosed MetS in quitters with weight gain (gain of >2 kg) and weight loss (loss of <2 kg). All p-values were two-sided, and we considered p-value < 0.05 as statistically significant. We used SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) for data collection and analyses.
Data Availability
No additional data available. Only authorized researchers had access to the HEXA-G data according to the data sharing policy of Korea Centers for Disease Control and Prevention.
